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The hydrogenation of carbon oxides into methanol i s  a reaction knoun f o r  

a long time. Fonuely it w a s  believed tha t  methanolization of C02 proceeded v i a  the 
intermediacy of CO ( 1 ) .  More recently, Bashkirov e t  Al.(2) have shown that reduction 

of C02 into CO and methanol could not be consecutive reactions since they both took 

place when contact time tended to  zero; they reported as Temkin e t  Al.(3) that 
methanol formation from CO decreased dramatically i f  the presence of C02 or water 

w a s  s t r i c t ly  eliminated from the reactive gases. Then i t  waa concluded that methano- 
l i za t ion  of C02 proceeded through a d i rec t  pathway whereaa that of CO involved the 

intermediacy of COP through the water gas s h i f t  reaction. On the contrary, Klier 

e t  Al.(4) proposed that the role of C02 in a mixture of carbon oxides is to keep 

the catalyst in an oxidation s ta te  favourable t o  CO hydrogenation which was regarded 

aa the main reagent leading to  methanol. We report here some results which support 

the hypothesis of Bashkirov but do not exclude the oxidative role of C02. 

i 
i 
\ 

E X p E R r n &  

The CuO-ZnO-Al 0 

2 

(65/25/10) catalyst  used is an industrial  one prepared by 
2 3  

precipitation of n i t ra tes  udxture by potassium carbonate at pH 7. Its surface area 

i s  about 50 m /g. 5mg of t h i s  catalyst  diluted in 500 mg of quartz powder are 

introduced in a 1/4" di f fe ren t ia l  flow reactor and reduced for  12 hr at 3WoC in 

a hydrogen stream (31/hr; heating rate: 3OC/m). Then the mixture of reactive gases 

(CO + 2H2, C02 + 3H2, or 23CO + 7C02 + 70H2) kept in a pressurized s t ee l  container 

i s  passed throu@ the catalytic bed (22bar. 21/hr), depressurized downstream the 

reactor in a heated upstream pressure regulating valve and chromatographically 

analyzed on line. 
Bigher conversion experiments are performed in a 3/8" integral flow reactor 

(22bar, 2l/hr, 2,2g of catalyst);  downstream the reactor, the products are par t ia l ly  

trapped at ambient temperature and effluent gases are analyzed as above. All 
reactive gas mixtures are used with the i r  residual moisture. 

RESOLTS AND DISCUSSION 
The results obtained in the d i f fe ren t ia l  flow reactor (22bar, 21/hr, 5mg of 

cat&&) are represented in the figure. As obsemed under atmospheric pressure (51, 
the formation of methanol .mder 22bar. from either CO or C02 shows a marimurn versus 

i tempernfure. The marimum obtained from C02 is higher and situated a t  a lover 

temperature than that  from CO. Ymreover the only significant by-product from C02 
is CO, whereas hydrocarbons and h i a e r  alcohols are formed in important proportions 
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from CO. Thus the methanolization of C02 under the present conditions proves t o  be 

more active, more selective and to proceed a t  a lower temperatae than that of CO. 

These re.mlts support the hypothesis of Bashkirov (2) according which C02 can be 

hydrogenated d i rec t ly  into methanol, without the intermediacy of CO; indeed the 

methanolization of C02 proceeds a t  a temperature which does not allow significant 

hydrogenation of CO. Thus the hydrogenation of CO and C02 must involve two distinct 

reaction pathways, the l a t t e r  being more rapid. Nevertheless these results are i n  
disagreement with those of Klier e t  Al. (4 )  who observed that hydrogenation of CO 

in to  methanol was more active and selective than that of CO und concluded in the 

opposite way. ?he difference in catalyst composition and preparation may be the 
reason of such a divergence since Sneeden e t  A l .  (6)  observed that the ra t io  of 

methanol formation maxima from CO and CO 

of the catalyst. 

of catalyst) ,  whose resu l t s  are reported in table 1.  

Table 1 : Conversion of carbon orides in to  methanol(&) and methanol concentrations 

measured(C;d) or theorit ical  equilibrium values(Ceq) a t  determined temperatures. 

2 

could be reversed by changing the nature 2 

Experiments were also performed i n  the integral  reactor (2?bmu, 21/hr; 2,2g 

Reagents T O C  d Q Ceq 

co + 2H2 246 11.6 4.5 11 

23CO + 7C02 + 70H2 230 31.3 11,6 12 
Cog + 3H2 225 7,2 3.5 3.6 

~~ 

The theor i t ica l  equilibrium values of methanol concentrations were calculated 

from relations reported in  reference 4. 
It can be seen that the thermodynamic equilibrium is nearly reached in the 

case of C02 or CO, C 0 2  mixture, but not with CO. These results confirm the hi& 

reactivity of C02 already observed in  d i f fe ren t ia l  conditions which are governed 

by kinetics; in the integral  reactor the C02 conversion is lower than that of CG 
because of thermodynamic limitations. 

Aa WEIS reported by Klier (5) and other workers (1  ), the C0,C02 mixtar% leads 

I 
t o  the beat results; according t o  the former the role of C02 i n  such a mixture is 
t o  keep the catalyst  i n  an oxidized form Cu which would favow CO hydrogecation. 

In the l igh t  of our  resu l t s  we can propose a complementary explanstion: t e g  

into account its high reactivity,  C02 may well be the maul reagent lead%- to 
methanol. Each reduced C02 molecule leads to one of methanol and one of water; 

-&.A- A C ~ U U W A  ULYI react in %ne presence of CO according t o  the water gas sh i f t  

reaction which is kinetically and thermodynamically favoured under the present 

Conbitions. Thus, the equilibrium C02 + ?H2 = 

the r igh t  and then the low themodpamic limitations i n  the case of pure CO, c m  

+I.,” I-&.-- --- 

MeOH + H23 can be displaced to  
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be oversteiped. In older to  evaluate the realism of such a proposal, the influence 

of water content on the rnethanolization of CO was studied under atmospheric pressure 

( table 2 ). 

Table 2: Influence of water content i n  CO + 2H2 mixture on CO hydrogenation a t  22OOC 
( Ibar, 21/hr, 175mg of catalyst ). 

Water content .5pprn ;E?$&+ 6Mx)ppm 6 
(8) 

60 Methanol concentration 
( P P  1 400 500 

(a )  dehydration of gas i s  performed by trapping in acetone-dry ice bath. 

It must be pointed out that f o r  each water content, C02 is obtained elmost 

quantitatively from reaction of water and CO. Thus no kinetic limitation can r e s t r i c t  

the  conversion of CO into C02 during the hydrogenation of C0.C02 mixtures. 

the absence of water; but traces of water are sufficient to reactivate the process; 

i n  t h i s  case the intermediacy of C02 is unlikely because of its low par t ia l  pressure. 

Higher water contents inhibit  methanol formation probably fo r  kinetic reasons. 
These results support the mechanism already proposed by Sneeden e t  Al.(6). 

\ 

The results in table 2 show that methanolization ra te  of CO is very low Fn 

tha t  is CO can be activated i n  two different ways: 

- intermediacy of formyl 1 )  
2H M-H + CO - M-CHO - 2 4  MeOH + K-H 

This process may occur mainly i n  the absence of water and proves t o  be very slow; 

i t  may also lead to C-C bond formation. 

- intermediacy of formate M-OH + CO - W C H O  2 ' 2 -  MeOH + M-OH 2 )  

The same formate intermediate shown 

can be formed from C02: 

by Deluzarche e t  A1.(7) by chemical trapping 

M-H t C02 - M-OCHO - 2H2- MeOH + M-OH 3) 

The processes 2 and 3 prove to  be rapid according to  our results. The L O H  

species which allows rapid activation of CO may be an oxidized form of copper as 

proposed by Klier (4): i n  agreement with these workers the conservation of such 
a species may involve the presence of CO 

equations 3' and 4 

or water as can be i l lus t ra ted  by 2 

M-H + H20 = L O H  + HZ 3 ' )  

M-H + C02 = IVAH + CO 4)  

1 9 1  



CGNCLUSIOII 

The comparative study of hydrogenation under pressure of CO and C02 has shown 

that  CO 

than CO. These resu l t s  support the hypothesis of  Bashldrov which suggests that 

methanolization of C02 proceed without the intermediacy of CO. 

presence of C02 or water; the role of these products may be to keep the cotalyst 

i n  a suitable oxidized form. A t  high conversion the hydrogenation of CO in C0,C02 

mixtures may also proceed at leas t  par t ia l ly  through water gas rhift reaction via 
the intermediacy of C02. 

leads to  methanol more rapidly, more selectively and at a lower temperature 2 

kreover  the hydrogenation of CO proves to  be dramatically dependent of the 
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F i w e :  Evolution of products concentration versus temperature, during CO (-) 
or C02 I----) hydrogenation (Zibar, 21/hr, 5mg of Cu-ZnO-Al 0 catalyst).  2 3  
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The Effec t  of C02 and  H20 i n  the  Methanol Synthes is  Reaction on Cu-Zn-0 

Harold H. Kung, George Liu, and Dave Willcox 

Chemical Engineer ing Department, Northwestern Universi ty ,  Evanston I L  60201 

Introduct ion:  
Methanol product ion over a copper-zinc oxide c a t a l y s t  has  been extensively 

inves t iga ted  recent ly .  
K l i e r  e t  al. repor ted  a d e t a i l e d  measurement of the  r a t e  of methanol production 
a s  a func t ion  of the CO/CO, r a t i o  (1). 
C0/CO2 of about  28/2. Later, they a l s o  reported t h e  e f f e c t  of H20 i n  t h e  feed. 
Again, an optimum H20 p a r t i a l  pressure was observed (2). 
in te rpre ted  with t h e  change i n  t h e  a c t i v e  si te concentrat ion on varying feed 
composition, and competi t ion of t h e  a c t i v e  s i te  by C02 and water. 

With regard t o  t h e  e f f e c t  of  t h e  feed  composition, 

They observed a sharp maximum a t  a 

The d a t a  were 

Since these  d a t a  ind ica ted  a s t rong  dependence of the  k i n e t i c s  on t h e  gas  
composition, it became i n t e r e s t i n g  t o  t r y  t o  determine t h e  k i n e t i c s  a t  well- 
cont ro l led  g a s  compositions. 
d i f f e r e n t i a l  f low r e a c t o r ,  o r  by using a batch r e a c t o r  and performing i n i t i a l  
r a t e  measurements. This  paper descr ibes  r e s u l t s  of the l a t t e r  approach. 

T h i s  can be achieved e i t h e r  by using a 

Experimental and Resul ts :  

about 200°C. 
according t o  Herman e t  a l .  ( 3 ) .  I t  has a CuO/ZnO of 30/70. A l l  t h e  data  were 
obtained i n  t h e  absence of d i f f u s i o n a l  e f fec t .  The c a t a l y s t  was f i r s t  reduced 
by H2/N2, and then precondi t ioned by a mixture of C02, CO, H 2  and CHjOH,  which 
was also used t o  c a l i b r a t e  t h e  mass spectrometer. The r a t e  of methanol 
production was measured by monitoring the  gas  composition wi th  the  mass 
spectrometer. 

Br ie f ly ,  the  experiments  were conducted i n  a batch w e l l - s t i r r e d  reac tor  a t  
The t o t a l  p ressure  was about  17 atm. The c a t a l y s t  was prepared 

Table 1 shows t h e  i n i t i a l  r a t e s  of methanol production a s  a func t ion  of 
t h e  feed  g a s  composition. 

Table 1.  
I n i t i a l  G a s  Composition (%) CH30H rate H20 r a t e  

T°C _H2 

228 70.05 
70.25 
70.02 
69 - 75 
69.99 

220 71.13 
69.62 
1u.43 
69 - 44 
69.57 
69 - 70 

r7n 

co 
27.74 
20.95 
16.22 
12.24 

- 

0 

26.3 
25.8 

20.11 
1,. ,.e 
I Y . 0 U  

11.40 
0 

9 2  
2.21 
8.80 

13.76 
18.03 
50.01 

1.66 
3.76 
7.29 
9.45 

18.16 
28.80 

?2!2 
0 
0 
0 
0 
0 

0.YO 
0.82 
2.52 
1 .00 
0.87 
1.50 

10-5 moles/min-g 10-3 moles/min-g 

1.27 1.30 
1.50 3.30 
1.70 4.57 
2.00 9.88 
2.49 11.24 

0.118 - 
0.155 - 
0.158 - 
0.225 - 
0.410 - 
0.469 - 



It  can be seen from the  da ta  i n  t h e  t a b l e  t h a t  un l ike  previous r e s u l t s ,  
t h e  i n i t i a l  r a t e s  of methanol production increase  wi th  increas ing  C02/C0 r a t i o ,  
and the addi t ion  of water  g r e a t l y  suppresses  the  rate .  P a r a l l e l  t o  the  
methanol production, t h e  r a t e  of water  product ion a l s o  increases  wi th  
increasing CO,/CO ra t io .  
197OC.  

S i m i l a r  t rend  was observed a t  a lower temperature  of 

The e f f e c t  of water  can be explained by the  competi t ive adsorp t ion  of 
The e f f e c t  of C02, however, must i n d i c a t e  o t h e r  water a t  the  a c t i v e  s i t e .  

reasons. Since these  were i n i t i a l  r a t e  measurements, t h e  c a t a l y s t  can be 
assumed t o  be i n  an i d e n t i c a l  s t a t e  f o r  a l l  t h e  measurements, (except f o r  a 
slow aeac t iva t ion  which d id  not change the dependence on t h e  feed  composition), 
the  p o s i t i v e  e f f e c t  of C02 may i n d i c a t e  t h a t  t h e  hydrogenation of C02 i s  f a s t e r  
than t h a t  of CO, or t h a t  the  hydrogenation of CO i s  enhanced by coadsorpt ion of 
C02 which nay f a c i l i t a t e  t h e  formation of some uns tab le  intermediates .  

\ 
\ 

, 

i 
To i n v e s t i g a t e  the r a t e  of hydrogenation of C02 i n  t h e  feed  mixture ,  C1'02 

Using condi t ions s i m i l a r  t o  those used i n  Table 1 wi th  a CO/CO2 was used. 
r a t i o  06 about 4 / l ,  it was found that t h e  i n i t i a l  r a t e  of production of 
CHJOH-' 0 was about  a s  f a s t  as t h e  r a t e  of product ion of CH30H-"0. 
r e s u l t s  ind ica ted  c l e a r l y  the  importance of the  hydrogenation of C02 i n  
methanol production. 

The 

Another i n t e r e s t i n g  r e s u l t  is on t h e  rate of the  i so tope  exchange r e a c t i o n  
of  co2: 

This  exchange reac t ion  proceeds a t  a reasonable rate i n  a mixture of C 0 2  
and He, and C02 and CO. 
and C02 with the  rap id  production of C1'0. This  r e s u l t  can be explained by t h e  
rapid revers ib le  water  gas  s h i f t  react ion,  which scrambles  t h e  oxygen in CO and 
C02, presumably v ia  a formate intermediate .  

The r a t e  is g r e a t l y  enhanced i n  a mixture  of H2, CO, 
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MECHANISM A N D  INTERMEDIATES O F  METHANOL SYNTHESIS OVER THE Cu/ZnO 
CATALYST I N  THE PRESENCE OF WATER A N D  CARBON D I O X I D E  

G. A. Vedage, R. P i t c h a i ,  R. G .  Herman and K .  K l i e r  

Department of  Chemistry and Center  f o r  Su r face  and Coat ings  Research 
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INTRODUCTION 

Since S a b a t i e r ' s  f i r s t  exper iments  on  he terogeneous ly  ca t a lyzed  
methanol decomposi t ion  ( l ) ,  many s t u d i e s  have been devoted t o  t h e  
mechanism o f  both  t h e  decomposition and t h e  s y n t h e s i s  of methanol,  
and s u r f a c e  i n t e r m e d i a t e s  such as formyl ( 2 , 3 ) ,  formate ( 4 - 6 ) ,  and 
methoxide (4 ,5 )  have  been i d e n t i f i e d  by I R  spec t roscopy and chemical 
t r a p p i n g  t echn iques .  In  a p rev ious ly  r e p o r t e d  ( 7 )  s tudy  from our 
l a b o r a t o r y ,  it w a s  found t h a t  t h e  methanol s y n t h e s i s  ra te  over  Cu/ZnO 
c a t a l y s t  is g r e a t l y  enhanced by small a d d i t i o n s  of water  t o  t h e  syn- 
t h e s i s  gas  wh i l e  l a r g e  a d d i t i o n s  of water r e s u l t e d  i n  a dec rease  i n  
s y n t h e s i s  r a t e .  Comparison of t h e  water  e f f e c t  w i th  t h a t  o f  C02 on 
t h e  s y n t h e s i s  r a t e  ( 8 )  showed t h a t  water behaved a s  a more e f f e c t i v e  
promoter a t  l o w  c o n c e n t r a t i o n s  and a more seve re  r e t a r d a n t  a t  h ighe r  
c o n c e n t r a t i o n s  t h a n  d i d  equimolar  carbon d i o x i d e  a t  t h e  same expe r i -  
menta l  c o n d i t i o n s .  F u r t h e r ,  i n j e c t i o n  o a 65/35 mole % mixture  
H2180/H2160 t o  s y n t h e s i s  g a s  r e s u l t e d  i n  "0 i n c o r p o r a t i o n ,  t h e  % '$0 
i n  CH30H, CO and C 0 2  i n  t h e  e x i t  stream being  3.41, 0.60 and 3.56, 
r e s p e c t i v e l y .  These r e s u l t s  i n d i c a t e d  t h a t  H20 a n d f o r  C 0 2  p a r t i c i p a t e  
i n  methanol s y n t h e s i s  as r e a c t a n t s .  D 0 a d d i t i o n  t o  t h e  s y n t h e s i s  gas  
w a s  employed t o  f u r t h e r  de te rmine  t h e  z i n e t i c  and mechan i s t i c  r o l e  of  
water, and it was observed  t h a t  a s i g n i f i c a n t  p o r t i o n  of t h e  synthe- 
s i z e d  methanol occur red  a s  CH DOH. N o  CHDZOH o r  CD30H w a s  d e t e c t e d ,  
and t h e s e  r e s u l t s  i n d i c a t e d  t i a t  water w a s  involved  i n  t h e  formation 
of  an i n t e r m e d i a t e  wi th  one s i n g l e  hydrogen atom. Th i s  obse rva t ion  
w a s  fu r the r l ;up to r t ed  by t h e  promotion of i s o t o p i c  scrambling between 
l 2 C l 8 O  and C 0 by wa te r  p readso rp t ion  on  t h e  c a t a l y s t s .  

r e a c t i v e  i n t e r m e d i a t e s  involved  i n  methanol s y n t h e s i s .  When d i e t h y l -  
amine w a s  c o n t i n u o u s l y  i n j e c t e d  a long  wi th  t h e  s y n t h e s i s  gas ,  methyl- 
a t e d  t e r t i a r y  amine w a s  s e l e c t i v e l y  ob ta ined  by t h e  r e a c t i o n :  

Chemical t r a p p i n g  exper iments  w e r e  a l s o  used (7 )  i n  i d e n t i f y i n g  

(C2H5) NH + C0 + 2H2-(C H NCH3 + H20 . 
2 2 5 2  

A t  215OC, H2:CO=70:30, 75 atm and a molar feed  r a t e  o f  d i e t h y l a m i n e =  
14 .5  mo112.45 g c a t l h r ,  t h e  y i e l d  of methyld ie thylamine  w a s  1 1 . 2  mmol/ 
2.45 g c a t / h r  and 97% of t h e  water  formed dur ing  methyla t ion  of  d i -  
ethylamine was conve r t ed  t o  carbon d i o x i d e  by t h e  water g a s  s h i f t  
r e a c t i o n .  Amine a d d i t i o n ,  however, was n o t  found to  a f f e c t  t h e  water 
g a s  s h i f t  r e a c t i o n .  The i n t e r m e d i a t e  t rapped  by amine behaved chemi- 
c a l l y  a s  formyl ,  formaldehyde o r  hydroxycarbene. The ev idence  f o r  an 
a ldehyd ic  i n t e r m e d i a t e  w a s  f u r t h e r  co r robora t ed  by u t i l i z i n g  it f o r  
a l d o l  a d d i t i o n  w i t h  propanaldehyde fo l lowed by hydrogenat ion  t o  g ive  
2-methyl-1-propanol. Although bo th  t h e  above t r app ing  r e a c t i o n s  al- 
lowed a f a i r l y  complete mechanism t o  be  formula ted ,  it was s t i l l  
deemed necessa ry  t o  a d d r e s s  some a l t e r n a t i v e  t r a p p i n g  and s i d e  reac-  
t i o n s ,  p a r t i c u l a r l y  those  of amines wi th  s u r f a c e  formates .  
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It is known that ( 9 )  amines react with carboxylic acids to give 
acid amides, which couldbe hydrogenated to the corresponding amines 
(10). In order to determine whether the added diethylamine reacted 
more rapidly with surface formyl or formate, the hydrogenation Of N,N- 
diethylformamide, a suspected intermediate of the reaction of surface 
formate with diethylamine, was studied. It is reported herein that 
non-dissociative hydrogenation of N,N-diethylformamide occurs at a 
lower rate than the addition of synthesis gas to diethylamine 11, 
indicating that the amine trapped the aldehydic and not the formate 
intermediate under the synthesis conditions. 

EXPERIMENTAL 

The Cu/ZnO=30/70 mol% catalysts were coprecipitated from ni- 
trate solution by Na CO calcined, pelletized, and reduced with 2% 
hydrogen in nitrogen: a%ording to a procedure previously described 
in detail (11,12). A schematic of the catalytic reactor system has 
been presented (ll), but a high pressure unit for pumping liquids in- 
to the synthesis gas stream at the reactor pressure of 75 atm has 
been added at the top of the reactor preheater section. The exit 
gas was reduced to atmospheric pressure and was sampled by an on-line 
Hewlett-Packard 5730A GC, coupled with a Model 3388A integrator/ 
controller. 

RESULTS AND DISCUSSION 

The results of N,N-diethylformamide hydrogenation at 215OC and 
15 atm are given in Table I. When the flow rate of N,N-diethylform- 
amide was 10.8 mm01/2.45 g cat/hr, 62% of it was converted to diethyl- 
methylamine and the remaining 38% was distributed among other products. 
When the flow rate of N,N-diethylformamide and hydrogen was doubled 
and tripled at 215°C and 75 atm, the yields of diethylamine and metha- 
nol increased while the yield of all other products decreased (Table 
I). 

As indicated in Table I, the N,N-diethylformamide was completely 
converted to diethylmethylamine (Eqn. 2), methanol (Eqn. 3), diethyl- 
amine (Eqn. 3), methylethylamine (Eqn. 4), triethylamine (Eqn. 4), and 
ethanol (Eqn. 5). 

n - 
II 

(C H ) N - C - H  + ~Hz-(C~H~)~NCH~ + H20 2 5 2  

2 5 2  

2) 

3) 
f: 

(C H ) N - C - H + 2H2-c(C2H5)2NH + CH30H 

(C~HS)~NCH~ + (C2H5)2NH-C2H5NHCH3 + (CZH~)~N 4) 

The reactions given by Eqn. 4) and 5) were formulated by CH3, C 2 ~ 5  
and n20 balancing. Hence, a part of diethylmethylamine and 
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diethylamine produced by reactions 2) and 3 )  was consumed by reactions 
4) and 5) to produce ethylmethylamine, triethylamine and ethanol. 
In Figure 1, the amount of diethylmethylamine produced by reaction 2), 
diethylamine produced by reaction 3 ) ,  methanol and water are plotted 
as a function of the reciprocal flow rate of hydrogen (flow rate N,N- 
diethylformamide = 0.025 x flow rate hydrogen). When these curves 
are extrapolated to infinite flow rate of hydrogen, the amounts of 
diethylmethylamine, diethylamine, methanol and water were 20%, 30%, 
30% and 20%, respectively. This flow rate dependence study shows that 
there are two kinds of reactions occurring on the catalyst surface 
during the hydrogenation of N,N-diethylformamide: one giving rise to 
diethylmethylamine, and the other giving rise to diethylamine and 
methanol. Diethylmethylamine could be synthesized via two routes: 
one as in Eqn. 2) and the other by the condensation of diethylamine 
and methanol, produced by Eqn. 3 ) .  The results in Figure 1 indicate 
that the maximum amount of diethylmethylamine formed by direct hydro- 
genation (Eqn. 2)) was 40%. 

In the following paragraphs the results of the hydrogenation of 
N,N-diethylformamide will be compared to the results of the methyla- 
tion of diethylamine by synthesis gas (discussed in the Introduction 
section). This comparison is done to determine whether N,N-diethyl- 
formamide is an intermediate in methyldiethylamine synthesis from 
synthesis gas and diethylamine. Over Cu/ZnO catalyst, 14.5 mol/ 
2.45 g cat/hr of diethylamine reacted with synthesis gas to produce 
11.2 mmo1/2.45 g cat/hr of methyldiethylamine. When 10.8 mm01/2.45 g 
cat/hr of N,N-diethylformamide, approximately equal to the methyldi- 
ethylamine produced, was hydrogenated under conditions similar to 
methyldiethylamine synthesis, the conversion to methyldiethylamine 
was 62%. A comparison of these two experiments indicated that the 
rate of hydrogenation of N,N-diethylformamide to methyldiethylamine 
was lower than the rate of production of methyldiethylamine from syn- ' 

thesis gas and diethylamine. Hence, the synthesis gas and diethyl- 
amine reaction does not proceed exclusively via a N,N-diethylforma- 
mide intermediate. However, the participation of this intermediate 
to a lesser extent cannot be ruled out. The following path is sug- 
gested for the synthesis of methyldiethylamine from synthesis gas 
and diethylamine, which proceeds via a N,N-diethylformamide inter- 
mediate. 

H~O+OH- + n+ 6) 

CQ + OH-+HCOO- 7 )  

(C2H5)2NH + H' + HCOQ-+ (C2H5)2iH2HCOO- 
0 + II 

(C2H5)2NH2HCOO---c(C2Hg)2NCH + H20 

Iz 
(C2Hg)2NCH + 2H2 -(C~HS)~NCH~ + H2Q 

According to this scheme, the surface formate produced by the 
interaction of CO and surface hydroxyls will react with diethylamine 
(Eqn 8 ) )  to form an amine salt (9). 
will be converted to N,N-diethylformamide ( 9 ) ,  and upon hydrogenation 
methyldiethylamine and water are produced (10). 

Upon heating, the amine salt 

The flow rate 
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dependence study established that there are two basic pathways for 
the hydrogenation of N,N-diethylformamide. One gives rise to metha- 
nol and diethylamine (Eqn. 3 ) )  and the other gives rise to the direct 

time, the contribution of the latter path is 40%. At other conditions, 
e.g. when 10.8 mmo1/2.45 g cat/hr of N,N-diethylformamide was hydro- 
genated with 10.5 L(STP)/2.45 g cat/hr of hydrogen (Table I ( A ) ) ,  only 
50% of the methyldiethylamine would be produced by reaction 2). The 

amine and methanol would undergo condensation probably via a formalde- 
hyde intermediate. 

If all the diethylamine injected (14.5 mmo1/2.45 g cat/hr) during 
the methylation of diethylamine with synthesis gas was converted to 
N,N-diethylformamide intermediate, only 5.8 mm01/2.45 g cat/hr of 
methyldiethylamine would be produced by the direct hydrogenation path 
(Eqn. 2)). The remainder would be converted back to the reactants, 
diethylamine and methanol. During the methylation of diethylamine 
with synthesis gas, 11.2 mmo112.45 g cat/hr of methyldiethylamine was 
produced. Hence, the rate of hydrogenation of N,N-diethylformamide 
does not account for the rate of the overall synthesis of methyldi- 
ethylamine by synthesis gas and diethylamine. The flow rate depen- 
dence study showed that at most, 50% of the methyldiethylamine would 
arise by the reaction of diethylamine with surface formate, followed 
by the reaction sequence given by Eqns. 9),lO). The evidence against 
such a participation can be summarized in the following manner. It 
has been shown before that surface formate was a common intermediate 
for both methanol synthesis and the water gas shift (WGS) reaction 
(7). If surface formate underwent amination, one would expect the 
rate of the WGS reaction to be lowered as compared with the WGS re- 
action rates in the absence of amine but with an equivalent mount of 
water. Vedage et al. (7) showed that the WGS reaction rates were un- 
affected by the methylation of diet!iylamine with synthesis gas. There- 
fore, the C intermediate undergoing amination is not formate or a 
precursor 04 formate but an intermediate formed subsequent to the sur- 
face formate in methanol synthesis. This intermediate can be deduced 
as an aldehydic type intermediate by the process of elimination. This 
intermediate which can take the form formyl, formaldehyde or hydroxy- 
carbene is therefore a kinetically significant intermediate in metha- 
nol synthesis. 

hydrogenation product, methyldiethylamine (Eqn. 2)). At zero contact I 

remaining 50% was produced by the secondary reaction in which diethyl- I 
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P e r i o d i c  Dosing of Methanol Syn thes i s  Over a Copper Zinc 
Mixed Oxide C a t a l y s t  

L. Fabbricino,  R.R. Hudgins and P.L. S i l v e s t o n  
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Un ive r s i ty  of Waterloo 

Waterloo, Ontar io ,  Canada N2L 3G1 

1 INTRODUCTION 

,' 1 T r a n s i e n t  ope ra t ions  of r e a c t o r  systems have been used f o r  many years  
in k i n e t i c  s t u d i e s  as a means of e l u c i d a t i n g  k i n e t i c  mechanisms. In the  l a s t  
two decades,  however, i n t e r e s t  has grown i n  using i n t e n t i o n a l  t r a n s i e n t  opera- 
t i o n  a s  a means of improving the  performance of chemical r e a c t o r s .  The r equ i r e -  
ment of maintaining a uniform l e v e l  of product ion a t  unsteady s t a t e  can be 
achieved through c y c l i c  ope ra t ions  i n  which one of the  v a r i a b l e s  i n  the  r e a c t i o n  
system is p e r i o d i c a l l y  s h i f t e d  between two va lues .  When viewed on a l a r g e r  time 
s c a l e  than t h a t  of t h e  p e r i o d i c  s h i f t s ,  the  system e x h i b i t s  uniform product ion.  
Figure 1 i l l u s t r a t e s  how pe r iod ic  ope ra t ion  may be performed. In t h e  LHS of the 
diagram the  normal s t e a d y  s t a t e  ope ra t ion  is shown. A feed of f ixed  composition 
i s  fed t o  t h e  r e a c t o r  and once s teady s t a t e  has been achieved, one expec t s  a 
constant  s t r eam of product  t o  flow from t h i s  u n i t ,  a s  i l l u s t r a t e d  i n  the  upper 
LHS. In t h e  c y c l i c  mode, however, t h e  p a r t i a l  p re s su re  or  concen t r a t ion  of both 
the r e a c t a n t s  making up the  feed a r e  changed p e r i o d i c a l l y  between two l e v e l s  ( i n  
t h e  s i m p l e s t  c a s e ) .  Before a new s t eady  s t a t e  is achieved a f t e r  t h i s  switch,  a 
second switch is  made back t o  the o r i g i n a l  l e v e l s .  The ope ra t ion  is cha rac t e r -  
i zed  by a pe r iod  t. It can be seen from the  diagram t h a t  i t  i s  not necessary 
f o r  the  l e n g t h  of t ime a t  the  two d i f f e r e n t  concen t r a t ions  t o  be the  same. This  
can be changed a s  w e l l  so t h a t  the  system may be exposed t o  a s h o r t  per iod in 
which t h e r e  is a h igh  concen t r a t ion  of one component and a much longer  per iod i n  
which t h a t  same component is a t  a much lower l e v e l .  This i n t roduces  a new vari-  
ab le  r e f e r r e d  t o  as  the  cyc le  s p l i t .  Add i t iona l  v a r i a b l e s  a r e ,  of course,  the 
amplitudes of t h e  i n d i v i d u a l  changes. The r e s u l t  of p e r i o d i c  changes i n  composi- 
t i o n ,  as i l l u s t r a t e d  i n  the  diagram, is a c o n s t a n t l y  varying product  composition 
a t  the  e x i t  of the  r e a c t o r .  This v a r i a t i o n  occurs  around a mean va lue  which we 
w i l l  r e f e r  t o  h e r e a f t e r  as the  time-average product concen t r a t ion ,  and from t h i s  
va lue  we  can o b t a i n  a time-average r e a c t i o n  r a t e .  

There is a growing body of l i t e r a t u r e  suggest ing t h a t  t h i s  mode of 
ope ra t ion  can cause s u b s t a n t i a l  improvements i n  c a t a l y s t  a c t i v i t y  (Unni e t  a l . ,  
1973; Asfour e t  a l . ,  1983; J a i n  e t  al., 1982; J a i n  et al., 1980; Wilson and 
Rinker, 1981; Kenny and C u t l i p ,  1976; Lynch, 1982. For CO ox ida t ion  of platinum, 
t h e  system most e x t e n s i v e l y  explored,  Lynch (1982) sugges t s  t h a t  p e r i o d i c  opera- 
t i o n  is  e x p l o i t i n g  t h e  e x i s t e n c e  of mul t ip l e  s t eady  s t a t e s  a t  low COZ/oxygen 
r a t i o s  i n  t h e  feed.  

Apart  from those  r e a c t i o n s  which e x h i b i t  mu l t ip l e  s t eady  s t a t e s ,  the 
exp lana t ion  f r e q u e n t l y  advanced for  the improvement found wi th  c y c l i c  ope ra t ion  
is t h a t  redox r e a c t i o n s  are involved i n  which p e r i o d i c  ope ra t ion  invo lves  
changes i n  t h e  coord ina t ion  of metal atoms i n  the  su r face  oxide s t r u c t u r e s  which 
can i n t e r a c t  w i th  t h e  bulk of the  system through d i f f u s i o n a l  p rocesses .  This 
g ives  r i s e  t o  a s t o r a g e  phenomena i n  the  bulk of the  c a t a l y s t  t h a t  is not  at- 
t a i n a b l e  i n  s t eady  s t a t e  operat ion.  The s t o r e d  r e a c t a n t  becomes a v a i l a b l e  
through pu l s ing .  

I 

i 
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Methanol s y n t h e s i s  over t h e  copper z i n c  oxide system appears as an 
i n t e r e s t i n g  candidate f o r  t h i s  new mode of r e a c t o r  opera t ion  because i t  probably  
proceeds v i a  a redox mechanism. The use  of c y c l i c  opera t ion  can be implemented 
in two  ways. The f i r s t  of these  is t o  p e r i o d i c a l l y  change the hydrogen t o  
carbon monoxide r a t i o  i n  t h e  feed j u s t  a s  has  been done in most of t h e  o t h e r  
s t u d i e s  given above. The use of carbon d ioxide  dosing of t h i s  system s u g g e s t s  
an  a l t e r n a t e  mode which might be explored. It has  been found wi th  the  copper- 
z i n c  oxide-alumina system, which forms t h e  b a s i s  f o r  many of t h e  commercial 
methanol synthes is  c a t a l y s t s ,  t h a t  t h e  c a t a l y s t  undergoes slow d e a c t i v a t i o n  
u n l e s s  a low concent ra t ion  of carbon d ioxide  is maintained i n  t h e  feed .  I n  
p l a c e  of maintaining Cop a t  a cons tan t  l e v e l ,  i t  can be pulsed i n  t h e  feed .  

In an e a r l i e r  paper (Nappi et al . ,  1984)  we examined the  performance 
of a r e a c t o r  opera t ing  under c y c l i c  v a r i a t i o n s  of t h e  hydrogen-to-C0 r a t i o  in 
t h e  feed. Even though nonl inear  t r a n s i e n t  behaviour was observed, p e r i o d i c  
f o r c i n g  of t h i s  system f a i l e d  to  improve t h e  y i e l d  t o  methanol. Indeed, t h e  
main e f f e c t  was to  roughly double t h e  production r a t e  of methane in t h e  system. 
We specula ted  t h a t  the  s u r p r i s i n g  l a c k  of improvement was due t o  r a t h e r  small 
changes in t h e  reducing power of t h e  feed  gas  in switching from hydrogen-rich t o  
carbon-rich mixtures.  When maximum amplitude experiments were c a r r i e d  out  in 
which t h e  feed var ied  between pure carbon monoxide and pure hydrogen, 
performance was  s i g n i f i c a n t l y  b e t t e r ,  but  s t i l l  f a i l e d  t o  a t t a i n  t h e  l e v e l s  
p o s s i b l e  with s t e a d y - s t a t e  opera t ion .  Thus, in t h i s  paper,  we examine p e r i o d i c  
f o r c i n g  with carbon d ioxide .  

EXPERIMENTAL 

The ques t ion  addressed i n  our experimental  program was whether 
p e r i o d i c  puls ing  of t h e  r e a c t i o n  system wi th  carbon d ioxide  could i n c r e a s e  t h e  
production r a t e  of methanol t o  a g r e a t e r  e x t e n t  than main ta in ing  a small b leed  
of t h e  same gas i n t o  t h e  system. Only explora tory  experiments were c a r r i e d  
out .  These employed the  s t o i c h i o m e t r i c  hydrogen-carbon monoxide mixture f o r  
methanol synthes is  of 2 : l .  I n  one of t h e  source  gases,  carbon d ioxide  w a s  added 
t o  a l e v e l  of 2% by volume. The experiments were then c a r r i e d  out by 
p e r i o d i c a l l y  switching the  feed from t h e  source conta in ing  carbon d i o x i d e  t o  t h e  
source  f r e e  of COz. Refer r ing  t o  F igure  1, the v a r i a b l e s  explored were per iod  
and t h e  length  of exposure t o  t h e  gas  conta in ing  carbon d ioxide ,  r e f e r r e d  t o  
e a r l i e r  as the cyc le  s p l i t .  A l l  experiments were c a r r i e d  out at a p r e s s u r e  of  
2 . 5 2  MPa and 250°C.  The c a t a l y s t  used was a commercial l o w  temperature water  
gas s h i f t  c a t a l y s t  wi th  the  fo l lowing  formulation: Cu/Zn/Al = 2 9 / 4 7 / 2 4 .  BET 
s u r f a c e  a rea  of t h i s  c a t a l y s t  was 80.0 m2/g and i t s  pore volume was measured as 
0 . 4 7 0  mL/g. Auger spec t roscopy showed 
t h e  presence of copper as Cu on t h e  s u r f a c e .  Transmission e l e c t r o n  microscopy 
i n d i c a t e d  the  c a t a l y s t  was a f i n e l y  d ispersed  mixture of var ious  phases.  

Thus. t h e  mean $ore diameter was  240 A .  

Measurements were c a r r i e d  out  us ing  a Berty reac tor .  This r e a c t o r  
behaves as t o t a l l y  backmixed which s i m p l i f i e s  experimentation, as wel l  as 
i n t e r p r e t a t i o n  of t h e  r e s u l t s .  It has  the  d isadvantage ,  however, t h a t  t h e  
r e a c t o r  conta ins  a s i g n i f i c a n t  dead volume which l i m i t s  the  swi tch ing  frequency 
in c y c l i c  operation. I f  t h i s  frequency is too high,  the wel l  s t i r r e d  dead 
volume smooths out  the  concent ra t ion  p u l s e  so t h a t  t h e  c a t a l y s t  phase s e e s  no 
change in composition wi th  time. The arrangement of t h e  experimental  equipment 
is shown schemat ica l ly  in Figure  2 .  D e t a i l s  of the  experimental  equipment are 
a v a i l a b l e  elsewhere ( J a i n  e t  a l . ,  1 9 8 3 ;  Nappi e t  a l . ,  1 9 8 4 ) .  The only change 
made from t h e  r e a c t o r  descr ibed  i n  t h e s e  p u b l i c a t i o n  is t h a t  t h e  i n t e r i o r  has 
been e l e c t r o p l a t e d  wi th  copper in an  attempt t o  reduce the methanation a c t i v i t y .  

203 



Blank runs  were performed t o  check methanation a c t i v i t y .  It was found 
tha t  a very small  amount of methane was produced; however, i t  is  not c e r t a i n  
whether t h i s  methane was produced on the  r e a c t o r  walls or  i n  t h e  low tempera- 
tu re ,  c a t a l y t i c  oxygen scavenging u n i t  l oca t ed  upstream from the  r e a c t o r .  
Methane found i n  t h e  blank runs ,  i n  any case ,  was w e l l  below the  methane con- 
ta ined  i n  t h e  source c y l i n d e r s  feeding the  r e a c t o r .  Cor rec t ions  were made f o r  
both methane sources .  

Analyses were performed by gas chromatogrphy using a 3-m Porapak Q 
column and a hot  wire  d e t e c t o r  i n  s e r i e s  w i th  a flame i o n i z a t i o n  d e t e c t o r .  

It was  found expe r imen ta l ly  t h a t  a c y c l i c  s t a t i o n a r y  s t a t e  was 
achieved a f t e r  about two c y c l e s  between the  CO2 con ta in ing  and CO2 f r e e  synthe- 
sis gas  mixtures .  In most cases  t h e  experiment was Carr ied out over a t i m e  
frame of many hours so t h a t  up t o  20 complete cyc le s  were run. Sampling was  
done i n t e r m i t t e n t l y ,  but s u f f i c i e n t  measurements were made t o  c h a r a c t e r i z e  com- 
p l e t e l y  t h e  time-varying methanol and methane y i e l d s .  

EXPERIMENTAL RESULTS 

Table  1 summarizes t h e  experimental  r e s u l t s  f o r  methanol production. 
Of the two v a r i a b l e s  t h a t  were explored i n  these  measurements, the per iod was 
only examined a t  12 and 30 minutes. Decreasing the  per iod e f f e c t e d  a small  
improvement. Reactor  dead space and mixing rendered experiments much below 12 
m i n u t e s  unproduct ive.  As t h e  cyc le  s p l i t  is  decreased,  however, t h e  e f f e c t  is 
the  oppos i t e ,  the r a t e  of methanol product ion dec reases .  This  is, of course,  
expected because i t  has  been demonstrated t h a t  a t  low l e v e l s  of carbon dioxide 
in the  feed ,  methanol product ion becomes p ropor t iona l  t o  the concen t r a t ion  of 
t h i s  component. Thus, a s  t h e  cyc le  s p l i t  is  decreased,  the  q u a n t i t y  of carbon 

Table 1 

Time-Average Rate of Methanol Product ion as a Function of 
Per iod and Cycle-Spl i t  With CO2 Dosing 

Quasi-Steady- 

12 
12 
12 
12 
12 
30 

0.05 
0.10 
0.25 
0.50 
0.75 
0.50 

7.10 

8.22 
9.61 

9.61 

7.38 

11.0 

Trans ien t  
Average Rate 

mol/g c a t * s )  

8.25 
9.34 
9.89 
10.1 
11.4 
9.97 

1.16 
1.27 
1.20 
1.05 
1.03 
1.04 

* The t r a n s i e n t  r a t e  was normalized with r e spec t  t o  t h e  quas i - s t eady- s t a t e  r a t e .  

d iox ide  t h e  c a t a l y s t  s e e s  w i t h i n  a c y c l e  f a l l s .  It i s  i n c o r r e c t ,  t h e r e f o r e ,  t o  
compare t h e  measurements from the  c y c l i c  ope ra t ion  t o  the s t eady  state measure- 
ments with Cop f r e e  s y n t h e s i s  gas. The proper comparison is  wi th  t h e  s t eady  
s t a t e  r e s u l t s  a t  t h e  same mean l e v e l  of Cop used i n  a complete cyc le  i n  t h e  
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I 

Quasi-Steady- 
State Rate 

mol/g c a t - s )  

32.6 
31.2 
26.9 
19.7 
12.6 
19.7 

p e r i o d i c  fo rc ing  experiments. For example, i f  the cyc le  s p l i t  were 0.5 and t h e  
two source gases  contained 2% and 0% Cop ,  the  mean l e v e l  would have been 1%. 
Unfo r tuna te ly ,  a complete set of s t eady- s t a t e  experiments a t  d i f f e r e n t  C02 
l e v e l s  was not made. However, it is p o s s i b l e  t o  e s t ima te  these  s teady s t a t e  
r a t e s  by assuming a l i n e a r  r e l a t i o n s h i p  between the mole % Cop i n  t h e  gas  and 
the r a t e  of methanol formation.  If t h i s  i s  done, and the est imated s t eady  s ta te  
value i s  divided i n t o  the  measurements shown i n  Table 1, the  normalized r a t e  is  
obtained.  These a r e  found i n  the l a s t  column of the t a b l e .  Normalized r e s u l t s  
r e f l e c t  the  improvement i n  methanol y i e l d  over the  comparable s t eady  s t a t e  
through pe r iod ic  forcing.  

Adding 2% CO2 by volume t o  the  s t o i c h i o m e t r i c  mixture i n c r e a s e s  t h e  
s t eady- s t a t e  methanol formation from 6.8 x t o  12.4 x mol/g c a t s s .  
Ev iden ta l ly ,  pe r iod ic  fo rc ing  is capable  of f u r t h e r  i nc reas ing  the  methanol 
product ion r a t e  by about 25%. Worth no t ing  is t h a t  the  measurement r epor t ed  i n  
t h i s  paper a r e  of a sc reen ing  na tu re  and no a t t e m p t  has been made t o  opt imize 
t h e  pe r iod ic  dosing sequence. 

Table 2 shows our methane product ion r e s u l t s .  In t roduc t ion  of a 
s teady s t ream of Cop i n t o  t h e  feed gas d rama t i ca l ly  suppresses  the  s t e a d y - s t a t e  
r a t e  of formation of methane i n  t h i s  r e a c t i o n  system from 3.4 x lo-' t o  5.4 x 

g mol/g c a t - s .  Although the  methane formation r a t e  f o r  t h i s  c a t a l y s t  i n  
the  absence of carbon dioxide is only about 5% of the  formation r a t e  f o r  
methanol, t h e  in t roduc t ion  of C02 suppresses  t h i s  rate t o  j u s t  0.4% of t h e  
methanol r a t e .  Table 2 shows t h a t  cyc le  per iod has a m c h  s t r o n g e r  e f f e c t  on 
methane than on methanol product ion.  Unlike methanol product ion however, 
p e r i o d i c  puls ing with Cop reduces methane formation s u b s t a n t i a l l y  and s h o r t e n i n g  
the pulse  l eng th  e x e r t s  j u s t  a small  e f f e c t  on the r a t e  of formation.  

T rans i en t  
Average Rate 

mol/g c a t - s )  

3.10 
3.42 
3.39 
2.98 
5.83 
5.87 

Table 2 

Time-Average Rate of Methane Product ion as  a Funct ion of 
Per iod and Cycle-Split With Cop Dosing 

T(mins) Cycle S p l i t  

0.50 
0.75 
0.50 

*Normalized 
Rate  

0.095 
0.11 
0.13 
0.15 
0.46 
0.30 

* The t r a n s i e n t  r a t e  was normalized with r e spec t  t o  the  quas i - s t eady- s t a t e  rate. 

If the r a t e  of formation of methane is propor t iona l  t o  t h e  carbon 
dioxide concen t r a t ion ,  the rate of formation a t  quasi-s teady-state  w i l l  be a 
c l o s e  e s t ima te  of t h e  s teady s t a t e  f o r  CO2 l e v e l s  between 0 and 2 ~ 0 1 % .  These 
values  a r e  appropr i a t e  f o r  comparison with the  time-average r a t e s  of methane 
formation under pe r iod ic  puls ing.  We have assumed appropiateness  and t h e  last 
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column in Table 2 compares t h e  time-average c y c l i c  r a t e s  wi th  t h e  assumed 
s teady-s ta te  ones. These r e s u l t s  i n d i c a t e  t h e  l a r g e  i n f l u e n c e  of dosing t i m e  on 
methane formation. 

P e r i o d i c  sampling through the  gas  chromatograph permi ts  a 
r e c o n s t r u c t i o n  of t h e  change of rate wi th  t i m e  i n s i d e  a dosing cyc le .  These 
r e c o n s t r u c t i o n s  are shown i n  F igures  3 and 4 f o r  t w o  q u i t e  d i f f e r e n t  cycling 
condi t ions :  the f i r s t  is f o r  a s h o r t  pu lse  of Cop c o n t a i n i n g  feed while t h e  
second f i g u r e  considered a r e l a t i v e l y  long pulse.  Immediately upon i n t r o d u c t i o n  
of the  C02-containing gas ,  methane production f a l l s  t o  a l e v e l  which cannot be 
de tec ted  w i t h  our a n a l y t i c a l  equipment. 
stream is in t roduced ,  the methane concent ra t ion  b u i l d s  up t o  about one. The 
measurements have been normalized wi th  e x i t  concent ra t ion  measured a t  steady 
s t a t e  with t h e  C02-containing gas. If a s h o r t  CO2 pu lse  is used, F igure  3 shows 
t h e  normalized c o n c e n t r a t i o n  r i s i n g  to  about 2.4. In both cases ,  t h e s e  va lues  
a r e  w e l l  below the s teady  s ta te  values expected f o r  a COp-free s y n t h e s i s .  

In Figure  4 ,  when t h e  C02-free gas 

In both f i g u r e s ,  methanol production changes very l i t t l e .  Although i t  
is shown i n  t h e  f i g u r e s ,  t h e  CO2 d e t e c t e d  in t h e  stream leaving  t h e  r e a c t o r  
changed very l i t t le  w i t h i n  t h e  dosing cycle.  

DISCUSSION 

The f a i l u r e  of t h e  methanol production r a t e  t o  fo l low the  changes i n  
the  CO2 c o n t e n t  of t h e  gas  coupled wi th  t h e  dramat ic  20 t o  25% improvement in 
production r a t e  w i t h  r e s p e c t  t o  s teady  state s t r o n g l y  sugges ts  t h a t  t h e  
i n t r o d u c t i o n  of Cop causes a r e s t r u c t u r i n g  of t h e  s u r f a c e  andlor  reoxida t ion  of 
the  s i t e s  in the  system. These sites, or s u r f a c e s ,  however, a r e  not  cor rec ted  
immediately back t o  t h e i r  s t a r t i n g  condi t ion  when CO2 is removed. Res t ruc tur ing  
or  reduct ions  appears t o  be very slow. A long-term decay of the  copper lz inc  
oxide c a t a l y s t  a c t i v i t y  i n  t h e  absence of CO2 i n  t h e  feed gas  is observed, of 
course,  i n  s teady  s t a t e  opera t ion .  I f  a massive reoxida t ion  of copper in the  
c a t a l y s t  were o c c u r r i n g  on t h e  i n t r o d u c t i o n  of CO2, methanol production would 
have changed much more sharp ly  then what can be seen i n  the  d a t a  shown i n  
F igures  3 or 4. 

A s h a r p  change i n  production rate does appear,  however, for methane. 
It seems l i k e l y  t h a t  t h e  e x p l a n a t i o n  f o r  t h i s  is a wholesale d e s t r u c t i o n  of t h e  
s i t e s  r e s p o n s i b l e  f o r  methane production by t h e  i n t r o d u c t i o n  of COP. 
Evidenta l ly ,  t h e s e  sites must be q u i t e  d i f f e r e n t  from those f o r  methanol 
formation judging  from t h e  sharp ly  d i f f e r e n t  behaviour when CO2 i s  e i t h e r  
introduced or removed from t h e  system. S u b s t a n t i a l  adsorp t ion  of C o p  accounts 
f o r  t h e  l a c k  of change i n  Cop l e v e l s  i n  t h e  e x i t  stream. 
when t h e  f e e d  i s  CO2-free seems t o  r e s u l t  from methane formation. Methane 
formation i s  favoured thermodynamically a t  t h e  opera t ing  condi t ions  employed so 
t h a t  Cop s u p p r e s s i o n  cannot occur through a e q u i l i b r i u m  i n t e r a c t i o n  because t h e  
r e a c t i o n  sys tem o p e r a t e s  so f a r  away from equi l ibr ium.  
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Figure 1 Schematic of the Periodic Operation of a Catalytic Reactor. 

Figure 2 Schematic of the Experimental Apparatus (PI = pressure gauge, 
TI - thermocouple, GC = gas chromatograph) 
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Figure  3 Time V a r i a t i o n  of Product Concentrations Under P e r i o d i c  Dosing with  
2 vol. % C o p  f o r  r=12 Minutes, *s=0.10 (Concent ra t ions  Normalized 
With Steady S t a t e  Product Concentration Using 2 vol.% Cop in Feed, 
250'C 2.513 MPA). 

F igure  4 Time V a r i a t i o n  of Product Concent ra t ions  Under P e r i o d i c  Dosing w i t h  
2 vol. % CO2 f o r  r=12 Minutes, *s=O.75 (Concent ra t ions  Normalized 
With Steady S t a t e  Product Concent ra t ion  Using 2 v01.X COP in Feed, 
25OOC 2 . 5 1 3  MPA). 

*s, def ined  as t h e  r a t i o  of t h e  C02-rich p o r t i o n  of t h e  c y c l e  t o  
t h e  cyc le  period. 
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